Although biological cells are mostly transparent, they are phase objects that differ in shape and refractive index. Any image that is projected through layers of randomly oriented cells will normally be distorted by refraction, reflection, and scattering. Counterintuitively, the retina of the vertebrate eye is inverted with respect to its optical function and light must pass through several tissue layers before reaching the light-detecting photoreceptor cells. Here we report on the specific optical properties of glial cells present in the retina, which might contribute to optimize this apparently unfavorable situation. We investigated intact 
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iological cells and tissues are usually fairly transparent due to the lack of strong intrinsic chromophores in the visible part of the spectrum and especially in the near-infrared. This transparency is exploited, for example, in multiphoton microscopy, where this low absorption of excitation light leads to relatively large penetration depths. Although such biological objects do not modulate the amplitude of a passing electromagnetic wave, they impart a phase shift due to refractive index variations. This property was recognized by Zernike and used for the contrast enhancement of individual cells in phase-contrast microscopy (1). However, when light passes through multiple layers of cells, as in tissues, images rapidly deteriorate due to scattering events caused by optical and geometrical inhomogeneities with length scales on the order of the wavelength of visible light (2) .
Consequently, nature has implemented ingenious solutions in the properties and the arrangement of structures and cell assemblies that light has to pass for normal physiological functioning. The lens body in vertebrate eyes, for instance, consists of elongated fiber cells. These cells do not only display a very regular oval or hexagonal cross-section, a smooth surface, and a regular distribution, they even lose most of their organelles during differentiation, including the cell nucleus (3). In the vertebrate retina, the inner and outer segments of photoreceptor cells are considered natural optical fibers, supported by their highly specialized shape and optical properties (4) . Other natural optical fibers occur in deep-sea glass sponges or in the compound eye of insects, whose biomimetic copies have even found their way into technical components (5, 6) . What these examples have in common is a relatively regular geometry of the light-guiding structures and, in the case of living cells, a sophisticated specialization for this very function.
Considering these facts, it seems surprising that the retina in the vertebrate eye is inverted and that images projected onto the retina have to pass several layers of randomly oriented and irregularly shaped cells with intrinsic scatterers before they reach the light-detecting photoreceptor cells (7, 8) . This situation seems to be ''equivalent to placing a thin diffusing screen directly over the film in your camera'' (9). However, this ''screen'' contains a regular pattern of cells, which are arranged in parallel to each other and span the entire thickness of the retina (Ϸ150 m). These cells, Müller cells, are radial glial cells in the inner vertebrate retina, which have a cylindrical, fiber-like shape (their original name was ''radial fibers of Müller'') (10). They fulfill a wide range of physiological functions to support the functioning and survival of retinal neurons (11) . For this purpose Müller cells are, unlike the natural optical fibers mentioned above, endowed with many complex side branches, which ensheath neuronal compartments, such as synapses (12) . On the other hand, they putatively occupy a strategic position in the path of light through the retina from the vitreous, where light enters the tissue, to the outer limiting membrane, where the inner segments of the photoreceptor cells receive the incident light. Therefore, it is intriguing to investigate whether they could play a role in the transfer of light through the inner retina.
Results
As a first step to characterize the retina as a phase object, we investigated freshly dissected guinea pig eyes by using modified transmission microscopy ( Fig. 1 a and b) . Physiological illumination was simulated by insertion of an optical fiber as a light source into the eye cup. Images were obtained by scanning a plane close to the outer plexiform layer, corresponding to the end of the ''prephotoreceptor'' light path. Remarkably, these images showed a high degree of inhomogeneity, revealing an almost regular pattern of bright spots alternating with areas of lower transmittance (Fig. 1b) . This pattern showed that some retinal structures relayed light better than others.
Interpreting the dark areas in Fig. 1b as areas of higher scattering, laser scanning measurements in reflection mode ( Fig.  1 c and d) should approximately yield the negative of the above image. Following this hypothesis, we took series of 50-60 consecutive optical sections from flat-mounted retinae. The vitreous body did not reflect any light, consistent with its lack of phase variations. In contrast, the almost uniform reflectance throughout much of the retinal thickness was interrupted by a fairly regular pattern of dark, less reflective spots (Fig. 1d) . The spots had diameters of 2-3 m and were spaced Ϸ5-6 m apart, corresponding well to diameter and spacing of the bright spots in Fig. 1b [see also supporting information (SI) Fig. 5 ]. The same reflection patterns were also observed in retinae of rabbits (data not shown) and humans (SI Fig. 6 ). To show that the observed phenomenon is relevant in physiological conditions, these experiments were successfully repeated with retinae of living guinea pigs in situ (SI Fig. 7d ).
Importantly, reconstruction along the z axis ( Fig. 2a and SI Figs. 6 and 7) showed that the dark spots were contiguous in adjacent horizontal sections and formed tubes that corresponded to distinct optical pathways. At the innermost retinal layer, closest to the vitreous body, these tubes widened to funnel-like structures, which together formed a 15-m-thick continuous low-reflecting zone only interrupted by axon bundles (Fig. 2a) .
The amount of back-scattering from the retina has previously been measured to be 1-5% of the incident light (7, 8) . Because biological tissues are typically strongly forward-scattering (13), the total amount of scattering in the retina is most likely at least a factor of 2 larger. The distribution of this scattering within the retina is shown in Fig. 2a . Significant back-scattering occurred in all retinal layers proximal to the photoreceptors with the exception of the tubes. The main locations of light scattering are both plexiform layers and the axon bundles (Fig. 2b) , which contain numerous light-scattering objects with sizes on the order of the wavelength of visible light (14-16) such as ''synaptosomes,'' bundles of neurofilaments, and neurotubules. In combination, our transmission and reflection measurements demonstrate the presence of tubular structures in the retina that transmit significantly more light than their surrounding tissue.
The observed spatial pattern of these tubes corresponded well to the spacing and diameters of the columnar Müller cells (Fig.  2b) (17, 18) . Furthermore, the funnel-like structures observed in reflection-mode were reminiscent of the densely packed cobblestone pattern of the Müller cell endfeet at the inner retinal surface (19) . Indeed, the tubular structures could be unambiguously identified as Müller cells. They were capable of selective uptake of vital dyes (Fig. 2 b-g ) (20, 21) and could be counterstained with an antibody directed against vimentin ( Fig. 2 f and  g ). In the retina, vimentin is a protein specific to Müller cells (17, 22) . Hence, it is the Müller cells that provide a passage for light through the retina to the photoreceptor cells. These data, together with their cylindrical geometry, suggested a mechanism of light transport similar to optical fibers.
In classical optical fibers, light is confined in the transverse direction by an elevated refractive index of the core compared with its cladding. Thus, we analyzed the refractive indices of enzymatically dissociated vital retinal cells by using quantitative phase microscopy ( Fig. 3) (23, 24) . The somata of various retinal neurons (ganglion, amacrine, and bipolar cells) displayed similar refractive indices (n ϭ 1.358 Ϯ 0.005; mean Ϯ SD) (Fig. 3a) close to earlier estimates for the total retina (25) (26) (27) . In contrast, the mean refractive index of Müller cell stalks was significantly higher (n ϭ 1.380 Ϯ 0.021) (Fig. 3a) . Toward the so-called endfoot, the funnel-shaped termination of the Müller cell facing the vitreous body with n ϭ 1.335 (26), the refractive index Table 1 ).
Both the observed differences between the refractive indices of Müller cells and their surroundings as well as the fiber-like cell shape are reminiscent of the basic requirements of optical fibers. However, Müller cells display a complex morphology (Fig. 3) , and their radius is comparable to the wavelength of light so that the typical total-internal-reflection model of light guidance is not applicable. In a waveguide, light propagates in certain patterns, or modes, determined by boundary conditions following electromagnetic theory (28) . Light guidance only occurs if propagating modes exist. The key parameter most widely used in optical engineering to evaluate the presence of propagating modes is the waveguide characteristic frequency, or V parameter,
where is the free-space wavelength of the visible light, d is the diameter of the waveguide, and n 1 and n 2 are the refractive indices of the waveguide and the surrounding material, respectively (28, 29) . For a conservative estimate, it is sufficient to calculate V at the longest visible wavelength (700 nm) and the smallest diameter, which occurs at the inner process (d Ϸ 2.8 m) (21). The largest possible value for the extracellular refractive index is that of the adjacent neurons with n 2 ϭ 1.358. The calculated V ϭ 2.6-2.9 for the different parts along the Müller cell (Fig. 3b) is sufficiently high to allow low-loss propagation of a few modes in the structure even at 700 nm (28) . At a wavelength of 500 nm, the V parameter increases to V ϭ 3.6-4.0. Although the refractive index and diameter of the Müller cells both change along their length, the V parameter and, thus, the light-guiding capability stay nearly constant (Fig. 3b) . In contrast to the smooth cylindrical shape of artificial or other biological optical fibers (6, 30, 31) , each cell possesses complex sidebranching processes important to its interactions with neurons (12) . Their inclusion through an ''effective'' refractive index gradient actually increases the V parameter of the Müller cell (32 To test this hypothesis, we investigated light propagation through individual, enzymatically dissociated living Müller cells by using a fiberoptical dual-beam laser trap (Fig. 4) (33-35) . The optically induced forces in the trap allowed the gentle capture of individual cells from suspension (Fig. 4b) . The forces also aligned the cells along the optical axis without any mechanical contact (Fig. 4 b and  c) . In addition to the infrared trapping laser beams, visible light was coupled into one of the fibers (input fiber), and the light power coupled back into the opposing (output) fiber was measured (Fig.  4 c and d) . Because the light reentering the output fiber depends on the distance from the input fiber and on the optical properties of the trapped object, this setup could be used to directly test the axial light transmission through individual cells.
With a Müller cell present in the trap surrounded by media with refractive indices up to 1.36 (to mimic the surrounding in the retina), light transmission into the output fiber was comparable to the situation where both fibers were in contact, as long as the direction of the light propagation was the same as in the retina. When the Müller cell endfoot was pointing away from the input fiber, significantly less light arrived at the output fiber, most likely because of a less efficient light coupling into the outer cell process.
When the cell was removed, the power measured dropped considerably due to the numerical aperture of the input fiber and the resulting divergence of the laser beam (Fig. 4d and SI Figs. 8 and  9 ). This effect was elucidated when the light path was directly visualized by using a fluorescent vital dye (MitoTracker orange) that was both present in solution and taken up by the cell. The dye was excited by the visible light emanating from the input fiber. Although the laser beam diverged as expected without the cell, the light remained confined to the Müller cell when present in the trap (SI Fig. 8) . Both experiments clearly showed that Müller cells capture the visible light, prevent it from diverging, and guide it to their distal end. To further demonstrate the light collection and guidance power of Müller cells, the optical fibers were then intentionally misaligned, so that without a cell almost no light was detected (SI Fig. 9 ). Even in this case, the Müller cells were still able to capture and guide the light. The relative guiding efficiency, ϭ P withcell /P withoutcell , increased up to a factor of 9, depending on the angle between the fibers. In combination, our single-cell experiments, the theoretical considerations, and the transmission and reflection measurements strongly suggest that Müller cells are, and function as, optical fibers in the retina, relaying light from the inner surface to the layer of the photoreceptors while bypassing scattering structures present.
Discussion
These results provide insight into the optical properties of the retina. Most structures in the retina, especially those in the nerve fiber layer and both plexiform layers, are phase objects that necessarily cause light scattering ( Fig. 2 and SI Figs. 6 and 7) (14, 36, 37) . In contrast, the optical properties and geometry of Müller cells are consistent with those of optical fibers so that they serve as low-scattering conduits for light through the retina. The low scattering is likely due to their peculiar ultrastructure because highly scattering objects, such as mitochondria, are rare, or even absent (38) , whereas abundant long thin filaments are oriented along the cell axis (12) , thereby setting a dielectric anisotropy as typically seen in photonic crystal fibers. The endfeet of Müller cells cover the entire inner retinal surface and have a low refractive index, allowing a highly efficient entry of light from the vitreous into the Müller cells (Figs. 2 and 3) . At the same time, the increasing refractive index together with their funnel shape at nearly constant lightguiding capability (Fig. 3 ) make them ingeniously designed light collectors (31) . These findings along with their general orientation along the light path might well explain the low absolute backscattering in the retina of only 1-5% reported previously (7, 8) .
The collective parallel arrangement of Müller cells in the retina resembles that of optical fibers in fiberoptic plates, which are used to transfer images between spatially separate planes with low loss and low distortion. The structural similarity suggests an analogous function of the Müller cell array in situ (SI Fig. 5 ). The basic fiberoptic plate-like structure is especially characteristic for the retinae of all mammals with the exception of the fovea centralis of humans and higher primates, the region of our retina that is responsible for sharp vision; here, the photoreceptor cells are not obscured by any inner retinal layers at all.
On average, every mammalian Müller cell is coupled to one cone photoreceptor cell (17) (responsible for sharp seeing under daylight conditions, i.e., photopic vision) plus a species-specific number of rod photoreceptor cells (17) (Ϸ10 in both man and guinea pig), serving low light level (scotopic) vision. Thus, in the case of photopic vision, the parallel array of Müller cells may preserve the initial image resolution by guiding the light directly to their respective cone photoreceptor cell, minimizing image distortion. This array might also serve to improve image contrast by increasing the signal-to-noise ratio (39) . In scotopic vision, Müller cells could reduce loss of intensity by minimizing light reflection, particularly at the inner retinal surface. In summary, Müller cells in the retina assume the role of optical fibers and reliably transfer light with low scattering from the retinal surface to the photoreceptor cell layer. At the same time, their funnelshape leaves Ͼ80% of the retinal volume for other cells and the neuronal connectivity (SI Fig. 5 ) and might thus spatially decouple light transport from neuronal signal processing. The function of glial cells that we describe here explains a fundamental feature of the inverted retina as an optical system.
Materials and Methods
Experimental Animals. Adult guinea pigs of either sex (300-500 g) were used throughout the study if not mentioned otherwise. Animals were deeply anesthetized and killed by an overdose of 2 g/kg urethane administered i.p.
All experiments were carried out in accordance with applicable German laws of animal protection and with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research. The protocol of this study was approved by the local ethical committee and adhered to the tenets of the Declaration of Helsinki for experiments involving human tissue.
Confocal Microscopy. Transmission measurements. Freshly dissected guinea pig eyes were gently opened at opposite areas. Cornea and lens were removed for insertion of a multimode optical fiber. Sclera, choroid, pigment epithelium, and the photoreceptor layers were locally cut away to allow direct optical access to the end of the prephotoreceptor light path. The transmitted light emanating from the optical fiber was captured through the objective (ϫ40, N.A. ϭ 0.75, water immersion) of a confocal microscope (LSM 510 Meta; Zeiss, Oberkochen, Germany). Reflection measurements. Freshly isolated retinal whole-mounts of several species, including man, were placed on a confocal microscope with the inner surface pointing toward the objective (ϫ40, N.A. ϭ 0.75, water immersion) and observed in reflection mode. In vivo measurements. Animals were anesthetized by i.m. application of 50 mg/kg ketamine (Ratiopharm, Ulm, Germany) and 5 mg/kg xylazine (BayerVital, Leverkusen, Germany). Eyes were gently opened in situ from rostral, cornea and lens were removed, animals were placed on a confocal microscope (LSM 510 Meta), and the objective (ϫ20, N.A. ϭ 0.5, water immersion) was inserted into the eye. Images were taken in reflection mode.
Cell Isolation. Fresh retinal pieces were incubated in Ca 2ϩ -and Mg 2ϩ -free PBS containing 0.03-0.1 mg/ml Papain (Boehringer, Mannheim, Germany) for 30 min at 37°C. After washing with PBS containing 200 units/ml DNase I (Sigma, Deisenhofen, Germany), the tissue pieces were gently triturated by a wide-pore pipette to obtain suspensions of isolated cells (40, 41) . The supernatant was collected, and PBS was replaced by a physiological salt solution (PSS; 136 mM NaCl/3 mM KCl/1 mM MgCl 2 /2 mM CaCl 2 /10 mM Hepes/10 mM D-glucose). The pH of the solution was adjusted to
